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Compression of the dc drain current by electron trapping
in AlGaN /GaN modulation doped field-effect transistors

S. Nozaki, H. Feick, and E. R. Weber
Department of Materials Science and Engineering, University of California at Berkeley, Berkeley,
California 94720

M. Micovic and C. Nguyen
HRL Laboratories, LLC 3011 Malibu Canyon Road, Malibu, California 90265

(Received 15 November 2000; accepted for publication 23 February) 2001

The frequently observed dc drain current compression of AlIGaN/GaN modulation doped field-effect
transistors is associated with partial loss of the two-dimensional electron gas caused by electron
trapping. The behavior of the temperature-dependent electron concentration and persistent
photoconductivity at low temperature in the AlGaN/GaN modulation doped heterostructure are
indicative of the presence of DX centers in the AlGaN layer. Deep-level transient spectroscopy of
the drain current reveals carrier trapping with activation energy of 0.28 eV. However, this value
appears to be too small to explain the compression of the dc drain current or to attribute these traps
to DX centers in AlGaN. ©2001 American Institute of Physic§DOI: 10.1063/1.1367274

In recent years, AlGaN/GaN modulation doped field- The AlGaN/GaN MODFETs used in this study were
effect transistorsSsMODFETS with high-power and high- grown by rf-assisted molecular beam epita®BE) on a
frequency characteristics were successfully fabricated angiapphire substrate. The device fabrication was carried out

demonstrated superb microwave power performadnte. Using HRL's baseline process for a 0.26 gate length. The
However, Nguyen, Nguyen, and Grider reported Comlores(_jetailed structure and fabrication processes of the MODFETSs

sion of the drain current at microwave frequencies and attrib@'€ described elsewhefdhe AlGaN layer on the undoped

uted it to the loss in carriers caused by the trapping of eIec'—A‘IGaN spacer in the MODFETs was doped with 2

. _ X 10'°Si i

trons in the AlGaN layer or at the surface of the devidde 10" si/en?, and the Al mole fraction was kept constant at
I t the draif—V ch teristi | b d0.3 for all the AlGaN layers. Hall samples were made by

collapse or the drai T characteristics was also observe forming four ohmic contacts to the two-dimensional electron

at low temperature in AlGaAs/GaAs MODFETand was

' _ - ' dgas(2DEG) in a cloverleaf pattern.
explained by electron trapping by DX centers in the Si-doped  pyring the variable temperature Hall measurements, the

AlGaAs layer? The DX centers in Si-doped AlGaAs have glectron concentration and mobility of the AlGaN/GaN

been intensively studied in the 1980%hey typically reveal modulation doped heterostructures were measured from
a capture barrier, caused by large lattice relaxation, that give®om temperature to 70 K and then back to room tempera-
rise to persistent photoconductivitPPQ at low tempera- ture in the first measurement. The experiment was repeated
tures. Recent theoretical calculatidispredicted oxygen one month later. In the second experiment, the temperature
forms DX-type centers in wurtzite AIN with the oxygen Was decreased from room temperature to 80 K, and then the

atom relaxed along thf0001] direction. McCluskeyet al. ~ Sample was exposed to white light from a light emitting di-

presented experimental evidence that oxygen is indeed a DA€ (LED) for 5 min. After the light was turned off, the
center in AlGa, (N for x>>0.27, based on the Hall effect temperature was again increased to room temperature.
PPC. and opticalxthreshol d mea’wurem s ' The drain current—voltage characteristics of several

. . . MODFETs were measured at room temperature with a
In this letter, we dISCUS'S the effects 9f electron trapplngl_”:,4140B DA meter for the slower measurements and a
on the electron concentration and mobility of AIGaN/GaN pyp 41458 semiconductor parameter analyzer for the faster
modulation-doped heterostructures and on the compressigieasurements. The gate and drain voltages were varied from
of the dc drain current observed at room temperature in the-35 to —2.5 V and from 0 to 5 V, respectively, both in
AlGaN/GaN MODFETSs. To elucidate clearly the effects of steps of 0.1 V. The measurement times of one device by the
traps, only devices with pronounced current compressioflP4140B and HP4145B are in the order of several minutes
were selected for this study. Drain-current deep-level tranand seconds, respectively. In the slower measurements, the
sient spectroscop{DLTS) was performed in order to further drain current—voltage characteristics were also measured un-
characterize the carrier traps. der illumination with a white LED from the back of the
wafer.
The drain-current DLTS, similar to the one described by
n _ Valois and Robinsofi,was carried out by applying a pulse
uthor to whom correspondence should be addressed; on leave from thgiaq 15 the gate with a fixed drain voltage of 5 V. The drain-
Department of Electronic Engineering, The University of Electro- . .
Communications, Chofu-shi, Tokyo 182-8585, Japan: electronic mai:CUIrent (p) transients were recorded from 80 to 300 K in
nozaki@ee.uec.ac.jp increments of 1 K with a digital data acquisition system. A
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FIG. 1. Temperature-dependent electron concentrafiitiad circle) and ) o
mobility (open circlg in the AlGaN/GaN modulation doped heterostructure. F!G. 2. The drain current—voltage characteristic of the AlGaN/GaN
The variable-temperature Hall measurement was carried out twice with #MODFET for slow measurements. The curre_nt—voltage characterlstlc_for a
one-month storage in air between the measurements; the data for the fir§tst measurement at the gate voltage-@.5 V is also shown for compari-
and the second measurements are shown by solid and dashed lines, respe?-
tively. The electron concentration obtained in the second measurement after
turning on a white LED is shown by X.

as shown with the symbol X and an arrow in Fig. 1. The

. i concentration remains the same at all temperatures up to 280
DLTS spectrum was obtained by plottilg 5 versus tem- K even after turning off the LED. This suggests the presence

12 12 2 H . . .
perature, wherd\Ip*=Ip%(t;) —1pX(tp) for timest; andt,.  of PPC. The illumination near room temperature does not
Figure 1 shows the electron concentration and mobilitysffect the concentration.

of the AlGaN/GaN modulation-doped heterostructure at vari- The temperature dependence of the electron concentra-

ous temperatures. The solid and dashed curves are for thgyn and PPC in the AlGaN/GaN modulation doped hetero-
first and second experiment, respectively. The electron constrycture is similar to the one previously observed in
centration(filled circles and mobility (open circlesare sig-  AlGaAs/GaAs modulation doped heterostructures and might
nificantly higher and lower, respectively, at all temperaturesg|so be attributed to DX-type centers in the AlGaN layer.
in the second measurement. The decreasing rate of the elegowever, it should be pointed out that the observation of
tron concentration becomes smaller with decreasing temppc js not necessarily a manifestation of the presence of DX
perature, and at temperatures lower than 100 K, the electrogenters in the AlGaN layer. Hirscht al. reported PPC at
concentration becomes nearly independent of temperature. Ayom temperature in unintentionally dopadype GaN and
significant increase in the electron mobility is seen at lowattributed it to electron trapping in the GaN, which is not
temperature in the first measurement, as expected from Sups|ated to DX-type behavid? Since in our case PPC is not
pression of the scattering by ionized impurities, but not in thegphserved at room temperature, it is unlikely that such traps in

second measurement. GaN are responsible for the observed PPC in the AlGaN/
Drummondet al. also showed a much smaller activation GaN modulation doped heterostructure.

energy in the AlGaAs/GaAs modulation doped heterostruc-  Figure 2 compares the typical drain current—voltage
ture than that observed in bulk-AlGaAs with the DX  characteristics for the faster and slower measurements. The
centers: In a similar manner, the electron trapping in the faster measurement represents a normal FET characteristic,
AlGaN layer reduces the band bending of GaN and then thghile that for the slower measurement shows significant
electron concentration in the 2DEG channel. The activatiortompression of the drain current, which is attributed to a
energy calculated from the Arrhenius plot of the electrondecrease in the channel conductance during the measure-
concentration is several meV. This does not seem to indicatgent. The latter characteristic is not affected by illumination.
the thermal energy of the trap level, probably due toThe amount of compression depends on the drain and gate
temperature-dependent parallel conduction via the AlGaMias. The drain current compression is similar to the collapse
layer resulting from electron trapping. of the drain current characteristic observed at 77 K in
The decrease in the carrier mobility, at low temperaturesplGaAs/GaAs MODFETS, which is associated with elec-
by as much as a factor of 5, was accompanied by an increasen trapping by DX centers. Since the compression is ob-
of the carrier concentration during room temperature storageserved here only in the slower measurement, the electron
this points to a loss in 2D conduction at the AlGaN/GaN trapping is expected to be slow.
interface. We suggest that this might be due to moisture ab- To confirm the electron trapping mechanism, the drain
sorption of the undoped AlGaN layer caused by the air excurrent transients were measured for various drain and gate
posure after the first measurement. It is not clear, whether theoltages, see Fig. 3. The transient is more pronounced at a
enhanced parallel conduction through the AlGaN layer ishigher drain voltage. At a drain bias of 5 V, the transient
directly related to the formation of DX-like deep donors in behavior becomes more pronounced at more negative gate
AlGaN,'? or due to another type of interface degradationbias, and for a gate bias 6f2.5 V, the drain current de-
during the storage. Better surface passivation in later deviceseases by as much as 40% within 10 s.
seems to have eliminated this problem. For the DLTS measurements, the drain current transients
The electron concentration increased from X383to  were obtained by applying a gate pulse-e8 V with a pulse

1.48x< 10 cm 2 by illumination in the second measurement, width and period of 100 and 500 ms, respectively, to the
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L1 prrpree e ence of DX-type centers in the AlGaN layer. However, it
-1V appears to be unlikely that the traps observed here by DLTS
are actually caused by the DX centers in the AlGaN layer, as
0.28 eV, the emission activation energy obtained by DLTS,
is much smaller than the theoretically predicted value of 0.5
eV.1%In our DLTS measurements, the gate bias is pulsed to
a more negative voltage to fill the traps. If they are present in
the AlGaN layer, the traps might stay filled with electrons
when a positive or less negative bias is applied to the gate, as
is in the case of the AIGaAs/GaAs MODFEF§Therefore,
the traps with an activation energy of 0.28 eV may actually
not be located in the AlGaN layer. It should also be men-
tioned that compression of the drain current observed at mi-
FIG. 3. Drain current transients for various gate voltageg, —1.5, —2, crowave frequencies is more distinct at a smaller negative
and_72.5 V)."Ifh‘e drain voI‘tage was set at 5 V The drain gurrent is nor- gate bia% and may not necessar”y be caused by the same
malized by dividing the drain current by the drain current at time 0 for each . . . .
transient. traps causing the dc drain current compression or those with
an activation energy of 0.28 eV.

AlGaN/GaN MODFET biased at gate and drain voltages of IGInN;:gnK:usmdn,IV\? haélve SQ%WP eletctrotn trappc;ng in the
—2 and 5 V, respectively. Since more electron trapping if‘_ alv’>all moduiation doped heterostruciure and compres-

expected at more negative gate voltages, as seen in Fig. on of the dc drain current in AIGaN/GaN MODFET struc-

the electrons are captured during the pulse and emitted aft&yres- The.(_;ompressmn IS observed °f_"y in sloW mea-
the pulse. The DLTS spectra calculated from the transienta reMents; it may be easily overlooked if one performs a fast

for t, of 16, 28, 51, and 97 ms and the fixdof 11 ms are measurement of the drain current. The temperature-

shown in Fig. 4. Each spectrum shows three peaks near 1ﬂjependent behavior of the electron concentration and persis-
K, 160 K, and 230 K. Using an Arrhenius plot, the activation tent photoconductivity observed at low temperature suggest

energy for the peak near 230 K was found to be 0.28 eV. that the traps responsi.ble for electron trapping are mo;t prob-
The emission time constant from this trap at 300 K iSany DX-type centers in the AlGaN layer. The traps with an

extrapolated to be 0.5 ms, while the capture time estimatea(:tivation energy of 0.28 eV found here by DLTS are likely

from the decay of the drain current in Fig. 3 is at least 0.5 sf[o be neither responsible for compression of the dc drain

It should be noted that the transient consists of two exponen(Eurrent in the AlGaN/GaN MODFET nor the DX center.

with activation energy of 0.28 eV cannot be responsible for awrence Berkeley National Laboratory’s Materials Science

the electron trapping causing the compression of the dc draipjyision are gratefully acknowledged. This work was sup-
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